Introduction {#S1}
============

Systemic lupus erythematosus (SLE) is a chronic, multi-organ autoimmune disease marked by the loss of tolerance to nuclear antigens, leading to the production of autoantibodies (autoAb) (reviewed in ^[@R1]^). The New Zealand Black (NZB) mouse spontaneously develops a lupus-like autoimmune disease similar to the human disease. Specifically, NZB mice have abnormal cellular activation and produce antibodies against nuclear antigens and red blood cells, leading to the development of glomerulonephritis and hemolytic anemia (reviewed in ^[@R2]^). Although kidney disease is mild in NZB mice, replacement of the NZB H-2^d^ MHC haplotype with a H-2^bm12^ haplotype results in severe nephritis, suggesting that the NZB background bears a full complement of non-MHC lupus susceptibility genes.^[@R3]^

Congenic mice with homozygous NZB chromosomal intervals containing one or a small cluster of these susceptibility loci introgressed onto the non-autoimmune C57BL/6 (B6) background have been very useful in dissecting the contribution of these loci to the development of lupus (reviewed in ^[@R4]^). We previously showed that genetic loci on NZB chromosome (c) 13 were associated with many of the abnormal B cell phenotypes in this mouse strain. Consistent with these findings, B6 congenic mice with an introgressed NZB chromosome 13 interval (B6.NZBc13(47--120 Mb); denoted as B6.NZBc13 or c13) recapitulated many of these phenotypes, including increased B cell activation and an altered B cell subset distribution.^[@R5]^ In addition, these mice produced high levels of IgM and IgG anti-chromatin autoAb, developed mild renal disease, and demonstrated expansion of activated T cells and dendritic cells (DC), suggesting that genetic loci on this chromosome produce a generalized immunologic abnormality sufficient to develop lupus-like autoimmunity.^[@R5]^ To further characterize the nature of the immune alterations in these mice, hematopoietic chimeric mice were produced in which B6.NZBc13 bone marrow alone or a mixture of B6.NZBc13 and B6.Thy1^a^IgH^a^ bone marrow was transferred into B6.Thy1^a^IgH^a^ recipient mice.^[@R6]^ Reconstitution of B6 mice with B6.NZBc13 bone marrow transferred most of the immunologic phenotypes characteristic of B6.NZBc13 mice including B cell activation, DC expansion, and autoAb production, indicating that bone marrow derived populations carry the immunologic defects leading to these phenotypes. However, in mice with a mixture of B6.Thy1^a^IgH^a^ and B6.NZBc13 bone marrow cells, both B6.Thy1^a^IgH^a^ and B6.NZBc13 B and T cells were equivalently activated.^[@R6]^ This led us to postulate that an immune defect extrinsic to these populations was contributing to development of autoimmunity in B6.NZBc13 mice.

Ineffective clearance of apoptotic debris resulting in the accumulation of dying cells is thought to be one of the initiating steps in the breach of tolerance to nuclear antigens in SLE (reviewed in ^[@R7];\ [@R8]^). Several knockout mouse models including *C1q*, *Dnase1*, *Mer*, *LXR*, *PPARδ*, and *Mfg-e8* gene delete mice, are characterized by defective clearance of apoptotic debris by macrophages and lead to a lupus-like phenotype.^[@R9]--[@R14]^ Although genetic loci associated with defective clearance of apoptotic debris have rarely been identified in spontaneously arising lupus models, B6.NZBc13 mice share many of features observed in knockout mice with impaired clearance of apoptotic debris including: abnormal activation of T and B cells and production of anti-chromatin autoAb. This similarity raised the possibility that there is impaired macrophage clearance of apoptotic debris in B6.NZBc13 mice.

In this study, we show that the peritoneal and tingible-body macrophages of B6.NZBc13 mice are indeed impaired in their ability to uptake apoptotic debris. We further demonstrate that the genetic locus producing this defect is localized to an 81--94 Mb interval. Using subcongenic mice with truncated NZB c13 intervals, we show that this region appears to be sufficient to produce polyclonal B and T cell activation, together with DC expansion. However, full reconstitution of the c13 autoimmune phenotype, including autoAb production and splenomegaly, required the presence of one or more genes localized to the centromeric region on the NZB c13 interval. Our data constitute one of the first reports to identity a susceptibility locus in a spontaneous lupus-arising model that is associated with a defect in the clearance of apoptotic debris, and provide insight into how this locus interacts with other susceptibility loci on NZB c13 to promote autoimmunity.

Results {#S2}
=======

Impaired clearance of apoptotic debris by c13 peritoneal macrophages {#S3}
--------------------------------------------------------------------

Since c13 congenic mice have autoimmune phenotypes such as production of anti-chromatin Ab and DC expansion that are typically seen in mice with impaired clearance of apoptotic debris,^[@R5]^ we examined uptake of apoptotic debris by macrophages from c13 mice. To this end, B6 apoptotic thymocytes were labelled with CMTMR and 10^7^ cells were injected intraperitoneally (*i.p.*) into 8--12 week old B6 or pre-autoimmune B6.NZBc13 (denoted here as c13 for simplicity) mice. After 30 minutes, peritoneal exudate cells (PEC) were harvested, stained with the macrophage specific Ab anti-F4/80, and the proportion of F4/80^+^ peritoneal macrophages (PM) associated with CMTMR^+^ apoptotic debris was determined by flow cytometry. Although the number and purity of PM isolated was similar between B6 and c13 mice (data not shown), the proportion of CMTMR^+^ PM was reduced in c13 as compared to B6 mice ([Fig. 1B](#F1){ref-type="fig"}). To further explore the possibility that uptake of apoptotic debris by PM is impaired in c13 mice, PEC were isolated and cultured with apoptotic thymocytes *in vitro*. This eliminates possible variations in the proportion of CMTMR^+^ cells due to differences in the number or concentration of PM between the mouse strains, as both mouse strains had similar proportions of PM within their PEC with similar patterns of staining with anti-F4/80 and -CD11b. For these experiments, apoptotic thymocytes were labelled with pHrodo instead of CMTMR. pHrodo is a pH-sensitive dye that increases fluorescence intensity only when cells are engulfed into the acidic environment of the lysosome.^[@R15]^ Thus, any differences observed would represent differences in physiological uptake rather than association of apoptotic debris with PM. As seen *in vivo*, there was reduced uptake of apoptotic thymocytes by c13 as compared to B6 F4/80^+^ CD11b^+^ PM *in vitro* ([Fig. 1A & B](#F1){ref-type="fig"}). To further explore the nature of the defect in c13 mice, bone marrow was cultured in M-CSF for 6 days to expand bone marrow macrophages (BMM). The number, purity, and cell surface expression of F4/80 and CD11b of the harvested BMM were similar for both B6 and c13 mice (data not shown). BMM were then cultured with pHrodo-labelled apoptotic cells, as for PM. In contrast to PM, no difference was seen in uptake of apoptotic debris between the BMM from the B6 and c13 mouse strains ([Fig. 1A & B](#F1){ref-type="fig"}).

To localize the genetic polymorphism associated with this impaired clearance, a series of subcongenic mice with smaller overlapping c13 intervals were produced ([Fig. 2](#F2){ref-type="fig"}). Interestingly, all c13 subcongenic mice demonstrated similarly reduced uptake of apoptotic debris by PM ([Fig. 1C](#F1){ref-type="fig"}), tentatively mapping this defect to the 81--94 Mb region (region c shown in [Fig. 2](#F2){ref-type="fig"}). Consistent with normal clearance of apoptotic debris by full length c13 BMM, no differences were seen for BMM between B6 and any of the subcongenic mouse strains examined (data not shown).

Reduced clearance of apoptotic debris in the germinal centers of c13 mice {#S4}
-------------------------------------------------------------------------

Bone marrow-derived tingible-body macrophages (TBM) have been shown to rapidly phagocytose and clear apoptotic B cells in the GC and mice with defects in this process, such as Mfg-e8 deficient mice, develop a lupus-like autoimmune disease.^[@R14];\ [@R16]^ To examine whether TBM in the spontaneously developing GC of c13 mice demonstrate a similar impairment in the clearance of apoptotic debris, spleens from 6 month old mice were stained with PNA to detect GC, anti-CD68 to detect TBM, and TUNEL reagent to detect apoptotic bodies. As seen in our previous studies, c13 mice had increased numbers of GC per spleen as compared to B6 mice (data not shown; ^[@R5]^). Similar to the findings observed in *Mfg-e8* deficient mice,^[@R16]^ there were increased numbers of TUNEL^+^ apoptotic bodies associated with each TBM in c13 mice and these were larger and more intact than those seen in B6 mice ([Fig. 3A](#F3){ref-type="fig"}). As shown in [Fig. 3A](#F3){ref-type="fig"}, TBM-associated apoptotic bodies demonstrated the same altered morphology in all three subcongenic strains examined, again mapping this abnormality to region c on c13. The number of TUNEL^+^ apoptotic bodies associated with TBM was further quantified by counting the number of these bodies for each TBM in the spleen section. Significantly increased numbers of apoptotic bodies were associated with TBM in the GC of full-length c13 congenic and c13 c--e and c13c--d subcongenic mice ([Fig. 3B](#F3){ref-type="fig"}). The differences observed were not due to reduced numbers of TBM per GC in c13 mice, as the number of TBM were similar or increased in the subcongenic mice and roughly paralleled the increased GC sizes ([Fig. 3C & D](#F3){ref-type="fig"}).

Since B6 mice do not spontaneously develop autoimmunity, it was possible that the differences observed between the GC of B6 and c13 congenic mice arose from differences in the specificity of their GC reactions at 6 months. To control for this possibility, 8--12 week old B6 and pre-autoimmune c13 and subcongenic mice were immunized with a T-dependent antigen, NP-CGG, in alum to induce GC formation. Spleen sections from mice sacrificed 11 days after immunization were then analyzed as outlined in the previous section. Similar numbers of GC were present in all immunized mice and little to no GC were found in unimmunized B6 and c13 mice (data not shown). As seen in spontaneously arising GC at 6 months, more TUNEL^+^ apoptotic bodies were associated with TBM in the GC of all c13 congenic and subcongenic mice compared to B6 control mice ([Fig. 4A & B](#F4){ref-type="fig"}). The increased number of TUNEL^+^ bodies per TBM in the c13 mouse strains was not due to reduced numbers of CD68^+^ TBM in the GC, since there were same number or more TBM per GC in the c13 mouse strains as compared to B6 control mice and this correlated with the average size of their GC ([Fig. 4C & D](#F4){ref-type="fig"}). Nor was this the result of an increased rate of apoptosis of GC B cells in c13 mice, as levels of caspase-3 in these cells were similar across all mouse strains tested ([Fig. 4E](#F4){ref-type="fig"}). Taken together, our findings suggest that the TBM of all c13 congenic and subcongenic mice have a defect in clearance of apoptotic debris and that the locus associated with this defect lies within in the 81 to 94 Mb interval (region c) of NZB c13.

Autoimmune phenotypes in c13 subcongenic mice require at least two distinct genetic loci {#S5}
----------------------------------------------------------------------------------------

To determine the role of the impaired clearance of apoptotic debris in the development of lupus in c13 mice, subcongenic mice were aged to 6 months and their phenotypes were compared to those of age-matched B6 and c13 congenic mice. As shown in [Fig. 5](#F5){ref-type="fig"}, only the c13a--c subcongenic mouse strain produced levels of IgM and IgG anti-chromatin autoAb approaching those seen in c13 mice, with the other subcongenic strains making these autoAb to a variable extent. Notably, the c13c--d interval was not associated with significant levels of IgM or IgG anti-chromatin Ab, indicating that the apoptotic clearance defect is insufficient to produce this phenotype. This suggests the presence of a second lupus susceptibility locus in the c13 mouse strain that, based upon the similarity between full-length c13 and c13a--c mice, is most likely in region a. However, full recapitulation of the c13 phenotype may also require a locus in region b, as intermediate levels of IgG anti-chromatin Ab and increased proportions of GC B cells were seen in c13b--e mice. Nevertheless, a number of cellular phenotypes were seen in c13c--d mice, including: increased expression of B cell activation markers ([Fig. 5C](#F5){ref-type="fig"} and data not shown for B7.2 and ICAM-1), increased expression of T cell activation markers ([Fig. 5E](#F5){ref-type="fig"}), and expansion of DC ([Fig. 5F](#F5){ref-type="fig"}). These phenotypes were also observed in c13a--c mice, localizing the genetic locus producing them to the overlapping region c containing the clearance defect. Although we have previously described expansion of the marginal zone B cell population in the c13 mouse strain, this phenotype was not seen in the current study, possibly because of the younger age of the mice examined. However, as we had previously reported, modest increases in the splenic B1a population were seen in the c13 mice, which also localized to the c region (B6 = 4.34 ± 0.47, c13a--c = 5.89 ± 1.10, c13c--e = 6.14 ± 0.52, mean ± S.D., *p = 0.0095* and *0.0061*, respectively). Consistent with the presence of a second susceptibility locus, splenomegaly was only seen in c13a--c mice within all the subcongenic mice ([Fig. 4G](#F4){ref-type="fig"}), which also displayed increased cellular activation and DC expansion as compared to the other subcongenic mouse strains.

Discussion {#S6}
==========

In this study, we sought to localize lupus susceptibility loci on NZB c13 and characterize the underlying immune mechanisms that lead to the development of lupus in mice with this interval. We found that the autoimmune disease in these mice arises from at least two susceptibility loci, one of which is associated with impaired clearance of apoptotic cells by PM and TBM.

Although there are a number of reports of gene deletions that lead to reduced uptake of apoptotic debris resulting in lupus-like autoimmunity in mice, there is only one other report of a genetic region in a spontaneously-arising lupus mouse model being associated with this type of defect.^[@R17]^ It is unlikely that this reflects an absence of such genetic loci in these mouse models, since impaired clearance of apoptotic debris has been noted in lupus-prone MRL-*lpr*, NZB, and NZB/W mice and an abnormal response to the nuclear antigens contained in apoptotic debris is a central feature of both mouse and human lupus.^[@R7];\ [@R18];\ [@R19]^ Instead, the difficulty in identifying these loci may result from the experimental approach that has been used to localize and characterize lupus susceptibility loci in mice. In general, these experiments have identified lupus susceptibility loci by mapping the chromosomal regions associated with autoAb production or renal disease, and then creating congenic mice with the mapped regions introgressed onto a non-autoimmune strain. ^[@R20]^ There is abundant evidence to suggest that these congenic intervals usually contain multiple susceptibility loci that facilitated their initial detection in mapping studies and led to the development of an autoimmune phenotype in the congenic mouse strain.^[@R21];\ [@R22]^ In several of the knockout mouse strains that have impaired clearance of apoptotic debris, such as *C1q* and *DNaseI* gene-deleted mice, the ability to promote lupus has been shown to be dependent upon the presence of other susceptibility loci.^[@R9];\ [@R10];\ [@R23]^ Thus, it is probable that only those susceptibility loci associated with clearance defects in close proximity to other susceptibility loci will be found by this approach. In our study, identification of the region associated with the clearance defect was likely facilitated by the presence of a second susceptibility locus located nearby, as on its own, the region associated with the impaired clearance of apoptotic debris produces only low titer anti-chromatin Ab. Similarly, the genetic locus linking to impaired clearance that was identified in the BXSB mouse strain was found in a region of chromosome 1 that contained multiple susceptibility loci^[@R17]^ However, unlike the genetic locus reported in this study, the BXSB locus affects BMM and results in reduced uptake of antigens as well as apoptotic debris.

In c13 mice, PM and TBM, but not BMM demonstrated reduced uptake of apoptotic debris. Previous work suggests that expression of the receptors involved in the uptake of apoptotic debris differs between BMM and PM.^[@R24]--[@R26]^ This differential expression may lead to functional differences between these two populations. Most notably, engulfment of apoptotic cells by PM and TBM is phosphatidylserine (PS)-dependent, whereas uptake by non-activated BMM is not.^[@R24];\ [@R26]^ Thus, it is possible that the clearance defect in c13 mice specifically affects the PS-dependent pathway. In this pathway, exposure of PS on the surface of apoptotic cells provides an "eat me" signal that promotes uptake of the cells by macrophages.^[@R27]^ This uptake involves two stages: a first stage in which exposed PS on apoptotic cells binds to Tim-4 on the macrophage, resulting in adherence, and a second stage where uptake is facilitated by expression of bridging molecules that provide links between the apoptotic cells and receptors on the macrophage. Knockout of *Tim-4* or the bridging molecules, *C1q*, or *Mfg-e8*, are associated with impaired uptake of apoptotic debris by PM and/or TBM, and have been shown to promote development of lupus.^[@R9];\ [@R14];\ [@R16];\ [@R28];\ [@R29]^ While defects in either the adherence or engulfment stage of clearance by TBM can lead to increased numbers of apoptotic bodies in the GC, the close association between the increased numbers of apoptotic bodies and TBM observed in our mice suggests that the adherence stage of this process is intact. This phenotype closely mimics that seen in *Lxr* and *Mfg-e8* knockout mice, whereas in *Tim-4*-deficient mice, apoptotic bodies were mostly located adjacent to B cells.^[@R12];\ [@R16];\ [@R28]^ We do not think that the reduced uptake of apoptotic debris by PM and TBM results from prior activation *in vivo*, as our preliminary data suggest that there are no differences in the expression of MHC class II and B7.1, or the basal levels of cytokine expression, between the resident PM of B6 and c13 mice (data not shown). Nor does this appear to arise as a consequence of the disease in c13 mice, as these changes were seen in young mice prior to production of autoAb and in subcongenic c13 mice that lack autoAb.

Although the clearance defect observed in our mice closely resembles that observed in *Mfg-e8* gene deleted mice, there are several important differences. *Mfg-e8* is expressed in inflammatory subsets of macrophages, such as thioglycolate-stimulated PM, and follicular DC.^[@R16];\ [@R25]^ *Mfg-e8* is not expressed in TBM or resident PM, the cell subsets that demonstrated impaired clearance in c13 mice. Hematopoietic chimeras showed that the MFG-E8 associated with TBM *in vivo* is produced by the follicular DC of the recipient mice.^[@R16]^ Examination of hematopoietic chimeras where B6 or c13 bone marrow was transferred into B6 or c13 recipients indicated that transfer of the c13 bone marrow was associated with increased numbers of TBM apoptotic bodies regardless of the recipient (unpublished observations). This suggests that the defect in c13 mice may be intrinsic to TBM.

Notably, developmental endothelial locus-1 (*Del-1* or *Edil3*), a gene that is highly homologous to *Mfg-e8* in structure and function, is located in the 81--94 Mb region containing the clearance defect.^[@R25]^ Evidence suggests that *Del-1* is expressed in a reciprocal fashion to *Mfg-e8*. Although there is limited data on its expression levels in primary macrophages, it has been proposed that *Del-1* is predominantly expressed in resident macrophage populations, with the exception of BMM where it is only weakly expressed. This pattern of cell expression is compatible with the cell populations that exhibit impaired clearance in c13 congenic mice, and ongoing experiments are examining this candidate gene in c13 mouse strains.

Another attractive candidate gene in the 81--94 Mb interval is autophagy-related protein 10 (*Atg10*). This is an E2-like enzyme that helps to catalyze the transfer of Atg12 to Atg5 in the initial stages of autophagosome formation (reviewed in ^[@R30]^). Recently, a polymorphism in the PRDM1-ATG5 intergenic region has been associated with SLE in a Chinese population.^[@R31];\ [@R32]^ Interestingly, embryos from *Atg5* knockout mice have increased amounts of apoptotic debris in their tissues.^[@R31]^ Further experiments revealed that this increase resulted from impaired generation of "eat me" and "come and get me" signals by apoptotic cells. It is possible that Atg10 may function similarly to Atg5, affecting apoptotic cells in the GC leading to impaired uptake by TBM. However, it is unclear how this could lead to impaired clearance of B6 apoptotic cells by c13 PM, unless defective autophagy indirectly affects PM clearance function.

Although the 81--94 Mb interval appears to be sufficient to produce a number of the cellular abnormalities in c13 congenic mice, development of high titer autoAb production and splenomegaly requires the presence of the centromeric region a--b, suggesting the presence of another lupus susceptibility locus. Previously, we showed that full-length c13 mice have an intrinsic B cell defect, resulting in enhanced survival and proliferation in response to the TLR3 ligand, dsRNA analogue poly(I:C).^[@R6]^ We hypothesized that this defect leads to the activation nuclear antigen-reactive B cells in these mice, promoting their differentiation to autoAb-producing cells. This defect also contributed to the abnormal cellular activation and DC expansion observed in these mice, since replacement of the B cell repertoire in c13 with an anti-hen egg white lysozyme Ig transgene resulted in significant attenuation of these phenotypes. Nevertheless, c13 Ig transgenic mice still demonstrated increases in cellular activation suggesting that another abnormality contributes to these phenotypes. Our preliminary experiments suggest that the intrinsic B cell signalling abnormality in c13 mice is not localized to region c, and is likely located in the centromeric region of the c13 interval (unpublished observations). Thus, the immune mechanism leading to the residual activation in c13 Ig transgenic mice may be the impaired clearance of apoptotic debris, as the phenotype of these mice is similar to that seen for subcongenic mice with the c13 region c, but lacking the c13 region a--b.

A genetic locus leading to increased serum levels of endogenous retrovirus envelope protein gp70 in NZB or NZW mice, *Sgp3* (serum gp70 production 3), has also been mapped to chromosome 13.^[@R33]^ This locus has been localized to the 64.5--70 Mb interval,^[@R34]^ which is located in the region in c13 interval that is associated with B cell TLR3 hyper-responsiveness but outside the region associated with apoptotic debris clearance. It is unlikely that endogenous retrovirus is the source of dsRNA for stimulating the c13 B cells, since *Sgp3* controls the expression of gp70 from a modified polytropic ssRNA provirus.^[@R35]^

In summary, we have identified a novel lupus susceptibility locus on NZB chromosome 13 that impairs clearance of apoptotic debris. As stretches of dsRNA are found in mammalian apoptotic debris, it is likely that this clearance defect interacts directly with this B cell defect located within the c13 to augment the autoimmune phenotype, by providing a source of endogenous TLR3 ligands. Identification of candidate genes contributing to these abnormalities will provide new understanding of the complex genetic interactions leading to the development of lupus.

Materials and methods {#S7}
=====================

Mice {#S8}
----

B6 mice were purchased from the Jackson Laboratory (Bar Harbor, ME) and subsequently bred in our facility. The full length NZB chromosome 13 congenic mouse strain was generated as previously described, and contains a homozygous NZB interval extending 47--120 Mb.^[@R5]^ Subcongenic mice with truncated NZB chromosome 13 intervals were derived from mice with the full length interval by backcrossing with B6 mice and selecting offspring with informative crossovers. The mice were then intercrossed to produce homozygous subcongenic mice ([Figure 2](#F2){ref-type="fig"}). Polymorphic microsatellite markers used to discriminate the B6 and NZB genomic DNA in subcongenic mice were spaced on average 4 Mb apart throughout the c13 gene segment. All experiments were performed with 4 week to 6 month old female mice. Mice were housed in microisolators in the animal facility at the Toronto Western Research Institute. The experiments performed in this study were approved by the Animal Care Committee of the University Health Network (Animal Use Protocol \#123).

Flow cytometry {#S9}
--------------

Cells were prepared for flow cytometric analysis as previously described.^[@R5]^ Dead cells were excluded by staining with propidium iodide (PI; Sigma-Aldrich, St. Louis, MO) at a final concentration of 0.6 μg/mL. Flow cytometry of stained cells was performed using FACSCalibur (Becton Dickenson; BD, Franklin Lakes, NJ) and LSRII (BD) instruments and analyzed using Cell Quest Pro (BD) and FlowJo (Tree Star), respectively. The following mAbs were purchased from BD Biosciences: biotin conjugated anti-B220 (RA3-6B2), -CD4 (L3T4), -CD11c (HL3); PE conjugated anti-B7.1 (16-10A1), -CD69 (H1.2F3), -B220 (RA3-6B2); and FITC conjugated anti-CD21 (7G6). Other mAbs used included biotin conjugated anti-F4/80 (BM8; eBioscience, San Diego, CA), -PNA (Sigma-Aldrich) and FITC conjugated anti-CD11b (M1/70.15; Cedarlane Laboratories, Burlington, Ontario, Canada). Biotin staining was revealed with allophycocyanin or PerCP conjugated streptavidin (BD). Staining for active caspase-3 was performed using the CaspGlow Fluorescein Active Caspase-3 Staining Kit (BioVision, Milpitas, CA).

Measurement of Ab production {#S10}
----------------------------

IgM and IgG anti-chromatin Abs were measured by ELISA, as described previously.^[@R6]^ Bound IgM or IgG Abs were detected using alkaline-phosphatase conjugated anti-IgM or -IgG as a secondary reagent (Southern Biotech, Birmingham, AL). Substrate (4-nitrophenyl phosphate disodium salt hexahydrate, Sigma-Aldrich) was added, and the O.D. of each well was measured at a wavelength of 405 nm.

Preparation of apoptotic cells {#S11}
------------------------------

Thymocytes were harvested from 4--6 week old B6 mice. For induction of apoptosis, RBC were removed by lysis and the remaining cells were exposed to 600 rad γ-irradiation. The cells were then cultured at 5 × 10^7^ cells/mL in serum-free RPMI 1640 for up to 20 hours at 37°C in a humidified atmosphere of 5% CO~2~, yielding ≥ 80% PI-positive late apoptotic thymocytes.^[@R36]^ For *in vivo* uptake assays, apoptotic cells were labelled at 5 × 10^7^ cells/mL with CellTracker Orange CMTMR (1 μM; Invitrogen, Carlsbad, CA) in serum-free RPMI for 30 minutes at 37°C. For *in vitro* uptake assays, apoptotic cells were labelled at 10^6^ cells/mL with pHrodo succinimidyl ester (20 ng/mL; Invitrogen) in PBS for 30 minutes at room temperature. All labelled apoptotic cells were washed twice in PBS before resuspending in complete media (10% fetal bovine serum in RPMI 1640 containing non-essential amino acids, L-glutamine, β-mercaptoethanol, penicillin, and streptomycin) for use in uptake assays.

Apoptotic cell uptake assays in vivo and in vitro {#S12}
-------------------------------------------------

For *in vivo* uptake assays using peritoneal macrophages (PM), 5 × 10^7^ CMTMR-labelled apoptotic cells in PBS were injected *i.p.* into 8--12 week old mice. After 30 minutes, PEC were harvested from the lavage and stained with anti-F4/80. For *in vitro* uptake assays using PM, 10^6^ PEC were resuspended in 1 mL complete media and rested at 37°C for 2 hours in 24-well plates. Adherent cells were washed twice in PBS before co-culturing with 4 × 10^6^ pHrodo-labelled apoptotic cells for 2 hours in complete media. For uptake assays using BMM, bone marrow cells were harvested by flushing out femurs from 8--12 week old mice. Following red blood cell lysis, the cells were plated at 2 × 10^6^ cells/mL in complete media supplemented with recombinant mouse M-CSF (10 ng/mL, R&D Systems, Minneapolis, MN). Fresh media supplemented with M-CSF was replaced on day 3. On day 6, BMM were harvested using trypsin and seeded at 5 × 10^5^ cells in 1 mL of 10% FBS/RPMI without M-CSF in 24-well plates overnight at 37°C. The cells were then washed twice in PBS before co-culturing with 5 × 10^7^ pHrodo-labelled apoptotic cells for 2 hours. After co-culture with apoptotic cells *in vitro*, labelled apoptotic cells that were not engulfed were removed by washing with PBS, and the remaining macrophages detached from the well by scrapping. For both *in vitro* assays, all cells were stained with anti-F4/80 and -CD11b before analysis by flow cytometry. To measure the uptake of apoptotic cells by PM or BMM, an uptake index was defined as CMTMR^+^ or pHrodo^+^ CD11b^+^ F4/80^+^ cells divided by total number of CD11b^+^ F4/80^+^ cells, normalized to the mean of B6 control mice used in the same experiment.

Immunization {#S13}
------------

Mice at 8--12 weeks of age were immunized once *i.p.* with 200 μg of hapten 4-hydroxy-3-nitrophenyl conjugated to chicken gamma globulin (NP-CGG; Biosearch Technologies, Novato, CA) precipitated in a 1:1 ratio with alum (Pierce Biotechnology, Rockford, IL). Mice were sacrificed 11 days post-immunization.

Immunofluorescent staining & TUNEL analysis {#S14}
-------------------------------------------

Spleens were snap-frozen in Shandon Cryomatrix compound (Thermo Scientific, Rockford, IL). Cryostat sections (5 μm) were fixed in 1% paraformaldehyde, washed in PBS, and treated with 2:1 ratio of ethanol to acetic acid solution for 5 minutes at -20°C. Slides were then blocked with 5% goat serum (Invitrogen) in PBS for 2 hours, and stained with various antibodies. Purified uncongugated rat anti-mouse CD68 (FA-11; AbD Serotec, Oxford, UK) was used to detect TBM and biotin-conjugated PNA to detect GC. Goat anti-rat aminomethylcoumarin (AMCA; Jackson ImmunoResearch, Pennsylvania, PA) and streptavidin rhodamine (Invitrogen) were used as secondary reagents to detect antibody staining. TUNEL assays were performed with the ApopTag Fluorescein Direct In Situ Apoptosis Detection Kit (Millipore, Billerica, MA). Stained sections were mounted with Fluoro-Gel with Tris buffer (Electron Microscopy Sciences, Hatfield, PA) and visualized using a Zeiss Axioplan 2 with deconvolution fluorescence microscope. All GC from each mouse were imaged at 40X magnification, and the number of TUNEL^+^ apoptotic bodies per macrophage within the GC, total number of GC, and size of GC were counted and determined using ImageJ software (National Institute of Health, Bethesda, MD).

Statistics {#S15}
----------

Statistical significance of comparisons between groups of mice was determined using the Mann-Whitney non-parametric two-tailed test for comparisons between two groups. For comparisons with multiple strains, statistical significance was determined by a 1-way ANOVA Kruskal-Wallis test followed by Dunns' post-test for multiple comparisons. All statistical analyses were performed using GraphPad software (La Jolla, CA).
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![Impaired clearance of apoptotic debris by c13 peritoneal, but not in bone marrow-derived, macrophages *in vitro*\
(A) Flow cytometric contour plots of B6 and c13 PM and BMM co-cultured *in vitro* with media alone (PM only), or pHrodo-labelled apoptotic cells. Plots are gated on CD11b^+^ cells and F4/80^+^ cells that have taken up apoptotic debris (pHrodo^+^) are shown in the top right quadrant. (B) PM and BMM uptake of apoptotic thymocytes in full-length c13 mice. 8--12 week old B6 or pre-autoimmune c13 mice were injected *i.p.* with CMTMR-labelled apoptotic thymocytes and the peritoneal exudate cells harvested 30 minutes later. Cells were stained with anti-F4/80, and the proportion of F4/80^+^ PM that stained positively for CMTMR was determined by flow cytometry. Data are expressed as uptake index, which was defined as % CMTMR^+^ F4/80^+^ cells divided by the total % F4/80^+^ cells, normalized to the mean of B6 control mice used in the same experiment. For PM and BMM *in vitro* assays, pHrodo-labelled apoptotic cells were co-incubated for 2 hours with adherent PM after 2 hours of resting, or BMM expanded using M-CSF for 6 days. All cells were stained with anti-F4/80 and anti-CD11b Ab prior to analysis by flow cytometry. The uptake index was defined as % pHrodo^+^ CD11b^+^ F4/80^+^ cells divided by total % of CD11b^+^ F4/80^+^ cells, normalized to the mean of B6 control mice used in the same experiment. Significance levels were determined by Mann-Whitney non-parametric test: *\* p\<0.05, \*\* p\< 0.005*. (C) Impaired uptake by PM *in vitro* was seen in all c13 subcongenic mice examined localizing the defect to region c. Experiments were performed as outlined in (B) on 8--12 week old mice. Each symbol represents the determination from an individual mouse. Horizontal lines indicate the mean for each population examined. Significance levels were determined by 1-way ANOVA with Dunns' post-test: *\* p\<0.05, \*\* p\< 0.01, \*\*\* p\<0.001*.](nihms3937f1){#F1}

![Genetic map of chromosome 13 subcongenic mouse strains used in the study\
The subcongenic lines generated from the original B6.NZBc13(47--120 Mb) congenic mouse strain, denoted here as c13, are shown. For simplicity, the full length c13 interval has been divided into regions (a--e) based upon the overlap between the different subcongenic mouse strains and the subcongenic strains have been renamed based upon the regions that they contain. Thick and thin black lines denote NZB and B6 regions, respectively. Polymorphic microsatellite markers used to discriminate between the B6 and NZB genome in subcongenic mice were spaced on average 4 Mb apart throughout c13 interval, and the markers used to determine the start and end markers of region are shown at the bottom of the figure. The Mb positions of the markers were determined based on Ensembl release 67 and are rounded up or down to the nearest Mb.](nihms3937f2){#F2}

![Increased numbers of large and more intact TUNEL^+^ apoptotic bodies associated with spontaneously arising TBM in the GC of c13 congenic and subcongenic mice\
(A) Apoptotic bodies, TBM, and GC were visualized by TUNEL (green), anti-CD68 (blue), and PNA (red) immunofluorescent staining respectively, on 5 μm thick splenic sections of 6 month old mice and large and intact TUNEL^+^ bodies were seen in all c13 congenic mice. Scale bar, 10 μm. (B) Increased number of TUNEL^+^ apoptotic bodies per TBM were seen in the GC of c13, c13c--e, and c13c--d mice. (C) Number of TBM per GC and (D) GC size in the mouse strains examined. GC size was determined by outlining the shape of the GC in PNA-stained spleen sections using the freehand tool in Image J software. GC area was converted from px^2^ toμ3m^2^ for the respective magnification. Each symbol represents the determination from an individual GC. Number of mice used is as follows: B6, n=9; c13, n=5; c13a--c, n=4; c13c--e, n=10; c13c--d, n=5. Significance levels were determined by 1-way ANOVA with Dunns' post-test: *\*\*\* p\<0.001*.](nihms3937f3){#F3}

![Impaired clearance of apoptotic debris in the germinal centers of NP-CGG immunized young c13 mice\
(A) Apoptotic bodies, TBM, and GC were visualized by TUNEL (green), anti-CD68 (blue), and PNA (red) immunofluorescent staining respectively, on 5 μm thick splenic sections of NP-CGG immunized 8--12 week old mice and large and intact TUNEL^+^ bodies were also seen in all c13 congenic mice. Scale bar, 10μm. (B) Increased numbers of TUNEL^+^ apoptotic bodies per TBM were seen in the GC of all c13 congenic mice. (C) Number of TBM per GC and (D) GC size in the mouse strains examined. GC size was determined by outlining the shape of the GC in PNA-stained spleen sections using the freehand tool in Image J software. GC area was converted from px^2^ to μm^2^ for the respective magnification. Each symbol represents the determination from an individual GC. Number of mice used is as follows: B6, n=12; c13, n=8; c13a--c, n=4; c13c--e, n=10; c13c--d, n=7. (E) Mean fluorescent intensity (MFI) of caspase-3 in GC B cells in the spleens of 8--12 week old B6, c13, and c13c--e mice with or without NP-CGG immunization. GC B cells were gated as PNA^hi^ CD21^−/lo^ B220^+^ cells. Horizontal lines indicate the mean for each population examined. Significance levels were determined by 1-way ANOVA with Dunns' post-test: *\* p\<0.05, \*\* p\< 0.01, \*\*\* p\<0.001*.](nihms3937f4){#F4}

![Autoimmune phenotypes seen in original c13 congenic mice were maintained in c13 subcongenic mouse strains\
(A) IgM and (B) IgG anti-chromatin autoAb production in the serum as measured by ELISA. Increased proportions of (C) B7.1^+^ B cells, (D) GC B cells, (E) CD69^+^ CD4^+^ CD3^+^ T cells, and (F) CD11c^+^ DC cells in the spleens of c13 congenic and subcongenic mice determined by flow cytometry. (G) Splenomegaly was only observed in c13 congenic and c13a--c subcongenic mice. All mice used were aged to 6 months. Each symbol represents the determination from an individual mouse. Horizontal lines indicate the mean for each population examined. Significance levels were determined by 1-way ANOVA with Dunns' post-test: *\* p\<0.05, \*\* p\< 0.01, \*\*\* p\<0.001*.](nihms3937f5){#F5}
